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General Atomic Company, San Diego, C a l i f o r n i a  
INTRODUCTION 
High p u r i t y  aluminum has s u p e r i o r  s t a b i l i z a t i o n  performance than  copper 
f o r  h igh  f i e l d  (10 - 12 T) a p p l i c a t i o n s  due t o  t h e  low e l e c t r i c a l  r e s i s t i v i t y  
I 
of pure A l ,  and t h e  f a c t  t h a t  t h e  magneto- res i s t iv i ty  of pure A 1  s a t u r a t e s  
above -6 T .  S t a b i l i z a t i o n  wi th  pure  A 1  becomes i n c r e a s i n g l y  a t t r a c t i v e  a s  
. t h e  peak f i e l d  i s  increased .  The r e s i s t i v i t y  oE pu re  A 1  is  about  f i v e  t imes 
lower than  Cu under s i m i l a r  c y c l i c  s t r e s s  and neut ron  i r r a d i a t i o n  cond i t i ons  
expected f o r  a tokamak t o r o i d a l  f i e l d  (TF) c o i l  environment. Based on t h e  
overal l .economics of t h e  r e a c t o r ,  i t  is h igh ly  d e s i r a b l e  t o  u t i l i z e  pure A 1  
a s  t h e  s t a b i l i z e r  s o  t h a t  t h e  r a d i a l  e x t e n t  of t h e  TF-coils can be  reduced 
through r educ t ion  i n  t h e  r equ i r ed  s t a b i l i z e r  a r e a ;  however, due t o  t h e  
extremely poor mechanical p r o p e r t i e s  of pu re  A 1  which has  a y i e l d  s t r e n g t h  of 
about 8 .3  MPa (1200 p s i ) ,  s p e c i a l  a t t e n t i o n  must be  pa id  i n  t h e  conductor 
des ign  s o  t h a t  t h e  pure A 1  s t a b i l i z e r  i s  proper ly  suppor ted ,  and most of t h e  
e lec t romagnet ic  and mechanical f o r c e s  a r e  t r ansmi t t ed  through . t he  r e in fo rce -  
ment ma te r i a l .  The volume occupied by t h e  reinforcement  m a t e r i a l  p a r t i a l l y  
o f f s e t s  t h e  advantage gained through A 1  ~ t s b i l i z a t i o n .  
A des ign  s tudy  has  been c a r r i e d  o u t  on an  A l - s t ab i l i zed  10 - 12 T TF-coil 
cooled w i t h  pool  b o i l i n g  LHe. Relevant  f a c t o r s  cons idered  inc lude  t h e  mechani- 
c a l  p r o p e r t i e s  of pu re  aluminum, t h e  degrada t ion  i n  r e s i s t i v i t y  due t o  neut ron  
* 
Work supported by Department of Energy, Contract  DE-AT03-76ET51011. 
i r r a d i a t i o n ,  t h e  s e l e c t i o n  and con£ i g u r a t  i on  of t h e  r'einforcement m a t e r i a l s ,  
and the  o v e r a l l  s t a b i l i t y  of t h e  conductor.  Both a l l o y  A 1  and s t a i n l e s s  s t e e l  
has been considered a s  t h e  reinforcement m a t e r i a l .  S p e c i a l  a t t e n t i o n  has  been 
paid t o  ensure s u f f i c i e n t  cool ing  of t h e  conductor.  The goa l  of t h e  s tudy  i s  
t o  genera te  a design which can be  compared d i r e c t l y  wi th  t h e  design of a 
Cu-stabi l ized TF-coil. 
RELEVANT PROPERTIES OF HIGH PURITY ALUMINUM 
The e l e c t r i c a l  r e s i s t i v i t y  of h igh  p u r i t y  aluminum i s  of t h e  most i n t e r e s t  
among the  va r ious  p r o p e r t i e s .  Figure 1 i s  a  p l o t  of t h e  r e s i s t i v i t y  of pure .  
aluminum a s  a  func t ion  of t h e  ambient f i e l d  s t r e n g t h  [ I ] ;  Also.  p l o t t e d  i n  
Fig.  1 a r e ' t h e  r e s i s t i v i t y  curves of pure aluminum when s t r e s s e d  t o  0.1% and 
0.2% e longat ion ,  and when c y c l i c a l l y  s t r e s s e d  a f t e r  '1000 cyc le s  a t  e longa t ions  
of 0.1% and 0.2%, and a l s o  t h e  r e s i s t i v i t y  of OFHC Cu (RRR 200). It can be 
seen t h a t  even wi th  t h e  s e v e r e  c y c l i c  s t r e s s i n g  app l i ed  (E = 0.2% a t  1000 
c y c l e s ) ,  pure aluminum s t i l l  has a  lower r e s i s t i v i t y  t han  uns t ressed  OFHC Cu 
i n  t h e  f i e l d  reg ion  of i n t e r e s t .  The margin is  between 2  t o  5, and is  improv- 
i ng  wirh inc reas ing  f i e l d  s t r eng th .  
One s i g n i f i c a n t  advantage of pure aluminum i s  t h a t  i t s  magne to - r e s i s t i v i ty  
s a t u r a t e s  a t  f i e l d s  above 6 T ,  i n  comparison, t h e  magneto- res i s t iv i ty  of Cu ' 
i nc reases  s t e a d i l y  wi th  f i e l d .  Thus a t  h igh  f i e l d  pure aluminum i s  expected 
r o  o f f e r  much b e t t e r  s t a b i l i z i n g  perlurmance. 
The change i n  r e s i s t i v i t y  of pure aluminum under neut ron  i r r a d i a t i o n  is 
another  proper ty  of concern.' Pure  aluminum is more s u s c e p t i b l e  t o  i r r a d i a t i o n  
damage than copper. Based on t h e  information i n  Ref. [ 2 ] ,  f o r  a  dose of 
MAGNETIC FIELD, TELSA 
Fig. 1. ~lectrical' resistivity versus magnetic field (4.2 K) . 
Dotted lines are projected values [ I ] .  
2 -8 8 x 1016 n/cm which causes the resistivity in Cu to increase by 0.38 x 10 
Q-cm (about 20% of the initial value), the increase in resistivity for pure 
- 8 aluminum is 1.3 x 10 Q-cm. The amount of increase Ap is almost propor- 
\ 
tional to the dose. 
Figure. 2 is a plot of the thermal-conductivities of pure aluminum and 
OFHC Cu as a ,  function of temperature [ I.] . It can be seen that pure ,aluminum 
also has higher thermal-conductivity than OFHC Cu at low temperature, and . 
therefore offers better stabilization through the enhanced ability to con- 
duct heat away from a normal zone. 
The poor mechanical pro par tie^ of pure aluminum presents a problem in 
utilizing it.as a stabilizing material. The yield strength of pure aluminum 
TEMPERATURE, O K  
Fig. 2. Thermal conductivity versus temperature 
at 4.2 K is merely 8.3 MPa (1200 psi), which is far lower than the typical 
level of stress in a TF-coil ( 2  69 MPa or 10,000 psi). Conductors made of 
pure aluminum behave essentially as fluid under such high stress levels 
unless the applied forces are properly transmitted to a reinforcement mate- 
rial. The problem can also be solved by properly encasing the pure aluminum 
in a sealed structure made with high strength material. 
DESIGN CONSIDERATIONS 
The high field TF-coil conductor must be designed to withstand bearing 
pressures as high as 70 MPa. Furthermore, the tensile load typically 70.MPa 
in magnitude in the winding must be carried either by the conductor itself 
or by a separate reinforcement component. For an Al-stabilized conductor, 
a separate reinforcement material must be used to withstand both the bearing 
. load and t h e  t e n s i l e  load t o  prevent .  t h e  pure A 1  from deformation due t o  
fo rces  appl ied  on the  conductor. Two p o s s i b l e  schemes of reinforcement  a r e :  
1.  . A s  shown i n  Fig. 3-A, which i s  t h e  c r o s s  s e c t i o n a l  view of t h e  
conductor,  t h e  reinforcement m a t e r i a l  i s  placed on t h r e e  of t h e  
fou r  f aces  of t h e  conductor. The two s i d e  wa l l s  a r e  made t h i c k  
s o  t h a t  when t h e  conductors a r e  s tacked up i n  t he  winding, t h e  
bear ing  fo rces  a r e  t r ansmi t t ed  through t h e  s i d e  w a l l s ,  and t h e  
pure .aluminui does not  experience t h e  bear ing  fo rces .  On t h e  
unreinforced f a c e ,  pure aluminum i s  exposed, and inden ta t ions  can 
be made on t h e  s i d e  wa l l s  s o  t h a t  coolan t  can reach  t h e  pure  
aluminum f o r  d i r e c t  cool ing ,  a l though such a channel i s  l i m i t e d  
i n  coolant  conten t .  Inden ta t ions  on t h e  s i d e  wa l l s  can be made 
l a r g e  enough s o  t h a t  a p o r t i o n  of t h e  s i d e s  of t h e  pure  A 1  s taba-  
l i z e r  i s  a v a i l a b l e  f o r  cool ing.  The t e n s i l e  load  can be taken .by 
a s e p a r a t e  s t a i n l e s s  s t e e l  s t r i p ,  b u t  i t  is  a l s o  p o s s i b l e  t o  com- 
b ine  t h e  reinforcement  components i n t o  a s i n g l e  s t r u c t u r e  s o  t h a t  
t h e  conductor module i s  r e in fo rced  a g a i n s t  bo th  t h e  t e n s i l e  and 
bearing loads.  
I 
2. A s  shown i n  Fig.  3-B,  t h i s  con f igu ra t ion  u t i l i z e s  t h e  reinforcement  
m a t e r i a l  t o  encase t h e  pure  aluminum and NbTi completely. The 
reinforcement  m a t e r i a l s  a c t s  a s  t h e  w a l l  of a p re s su re  v e s s e l ,  wi th  
t h e  pure  A 1  being t h e  p re s su r i zed  f l u i d .  This  con f igu ra t ion  al lows 
the  bear ing  f o r c e s  t o  be t r ansmi t t ed  even through t h e  pure A l ,  and 
may l ead  t o  a design r e q u i r i n g  less reinforcement  m a t e r i a l  i n  t h e  
conductor,  and t h e r e f o r e  r e l a t i v e l y  t h i n  wal l s .  Then t h e  s i d e  wa l l s  
a r e  a v a i l a b l e  f o r  cool ing  a s  long a s  t h e  conductance of t h e  s i d e  
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(B) COMPLETE ENCASING (CE) 
Fig. 3. Two possiLle,scl~en~es of reinforcing the pure Al. 
Also shown are the manner in which the bearing 
forces are transmitted through the conductors. 
w a l l  i s  low so  t h a t  only a  small temperature  g rad i en t  i s  generated.  
Even p o r t i o n s  of t h e  force-bear ing f a c e s  a r e  a v a i l a b l e  f o r  coo l ing  
i f  i nden ta t i ons  a r e  formed on t h e  f aces .  The complete encas ing  
a l s o  o f f e r s  b e t t e r  o v e r a l l  mechanical p r o t e c t i o n  t o  t h e  pu re  A l .  
The t e n s i l e  load  i n . t h e  winding is b e s t  t aken  wi th  s e p a r a t e  s t a i n -  
less s t e e l  s t r i p s  i n  t h i s  approach. 
The s e l e c t i o n  of t h e  reinforcemekt  i s  another  important  i s s u e .  The 
m a t e r i a l  must have good mechanical p r o p e r t i e s  (high y i e l d  stress and u l t i m a t e  
s t r e s s ) ,  temperature  c o e f f i c i e n t s  compat ible  t o  A l ,  and r ea sonab le  thermal  
conduct iv i ty .  High s t r e n g t h  aluminum a l l o y s  such as t h e  2024 c l a s s  o r  t h e  
6061 c l a s s  appear t o  be w e l l  s u i t e d  f o r  t h e  a p p l i c a t i o n .  For t h e  r e in fo rced  
s i d e  w a l l  approach, i t  is d e s i r a b l e  t o  u t i l i z e  s t a i n l e s s . s t e e 1  a s  much a s  
p o s s i b l e  due t o  i ts  s u p e r i o r  mechanical s t r e n g t h .  
DESIGN DESCRIPTION 
The 10 T TF-coil being s t u d i e d  is  f o r  a  3.6 m TNS device  [ 1. A corre-  
sponding TF-coil des ign  based on CU-s t ab i l i zed  conductor has  been c a r r i e d  
ou t  by General  Atomic t 3  '9. Table  I l i s t s  t h e  va r ious  r e l e v a n t  parameters .  - 
Except f o r  t h e  conductor modu le s , ' t he  o v e r a l l  c o i l  des ign  and f a b r i c a t i o n  
scheme of t h e  A l - s t ab i l i zed  ve r s ion  i s  n e a r l y  i d e n t i c a l  t o  t h e  des ign  of 
t h e  Cu-stabi l ized ve r s ion  [3'4]. 
The peak f i e l d  considered was 1 2  T. However, conductors  f o r  t h e  
10 - 12 T f i e l d  r eg ion  were considered s e p a r a t e l y . b e c a u s e  t h e  12 T c o i l  
is designed t o  ope ra t e  wi th  2 K T.,He hath cool ing  r a t h e r  t han  t h e  4 K b a t h  
cool ing  used i n  t h e  10 T vers ion .  
Table I. Design Parameters of ~ l - s t a b i l i z e d  
TF-Coil (1 0 T Version) 
Plasma major r ad ius  (m) 3 . 6  
On-axis f i e l d  (T) 
Number of c o i l s  
Peak f i e l d  (T) 
T o t a l  ampere t u r n s  (A-T) 
Coolant 
Superconductor 
Pool b o i l i n g  LHe 
a t  4.2 K . 
NbT i 
S t a b i l i z e r  High p u r i t y  A 1  
Reinforcement m a t e r i a l s  
I n s u l a t i o n  m a t e r i a l s  
S t a i n l e s s  s t e e l  
Aluminum a l l o y  
Mylar and 
f i b e r g l a s s  epoxy 
Outer r ad ius  of centerpos t  winding (m) 1.80 
T o t a l  t e n s i l e  f o r c e / c o i l  (Newtons) 58.3 X l o6  
Conductors based on both t h e  r e in fo rced  s i d e  w a l l  (RSW) concept and t h e  
complete encasing (CE) concept have been considered.  I n ' t h e  RSW conductor ,  
s t a i n l e s s  s t e e l  was used a s  t h e  only reinforcement  m a t e r i a l ,  whereas i n  t h e  
CE conductor,  encasing was made wi th  a l l o y  A l ,  whi le  a s e p a r a t e  s t a i n l e s s  
sLrrl s ~ ~ l y  w a s  used LU w1tt;stand t h e  =ensile load.  Figure 4-A and 4-8 a t e  
ske tches  of t he  two types  of conductors.  
Both types of conductor employ s i m i l a r  types  of superconducting core /  
s t a b i l i z e r .  The core  of t h e  conductor i s  a mult i - f i lamentary NbTi-Cu com- 
p o s i t e  f a b r i c a t e d  i n  t h e  convent ional  manner. The amount of Cu is  kept  low 
s i n c e  i t  i s  n o t  used f o r  s t a b i l i z a t i o n .  The NbTi-Cu composite is  me ta l lu rg i -  
c a l l y  bonded t o  t h e  pure A 1  s t a b i l i z e r ,  and then t h e  e n t i r e  s t r u c t u r e  is  
e i the r  encased i n  the AL-alloy cas ing  i n  t h e  CE scheme, o r  i c  cmbcdded i n t o  
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Fig. 4. Sketch of t h e  two conductor  con f igu ra t ions  
adopted i n  t h e  des ign  s tudy 
The amount of pure A 1  i n  t h e  conductors f o r  each f i e l d  reg ion  i s  de ter -  
mined according t o  t h e  s t a b i l i t y  c r i t e r i o n  descr ibed  below. The conductors  
a r e  designed t o  recover  from a d i s tu rbance  represented  by a  1 meter long 
normal zone wi th  i n i t i a l  temperature of 20 K. The behavior  of t h e  con- 
duc tors  was s tud ied  by numerical s imu la t ion  of t he  evo lu t ion  of t h e  i n i t i a l  
normal zone [ ' I .  The e f f e c t  o f .  t h e  low thermal-conduct ivi ty  of t he  Al-alloy 
conductor cas ing  was considered i n  t h e  s imula t ion .  
The mechanical a spec t s  of t h e  des igns  f o r  t h e  two types  of conductors  
a r e :  
1 .  I n  t h e  RSW scheme t h e  th i ckness  of t h e  reinforcement  s i d e  w a l l  i s  
determined from the  bear ing  p re s su re .  The maximum t o l e r a b l e  s t r e s s  
of s t a i n l e s s  s t e e l  was taken t o  be 550 MPa (-80,000 p s i ) .  The 
s t r e s s  i n  t h e  s i d e  w a l l  was i n  gene ra l  much lower than  t h e  buckl ing 
s t r e s s ,  o r  t h e  shear ing  s t r e s s  a t  t h e  j o i n t  between t h e  s i d e  w a l l  . 
and t h e  back wa l l .  The th i ckness  of t h e  back w a l l  was. determined 
from t h e  t e n s i l e  load. 
2.  I n  t h e  EC scheme t h e  th i ckness  of t h e  a l l o y  A 1  cas ing  was de t e r -  
mined so  t h a t  i t  can con ta in  t h e  p re s su re  t r ansmi t t ed  from t h e  
bear ing  f aces  through t h e  f l u i d i c  pu re .Al  t o  t h e  s i d e  wa l l s .  The 
a l l o y . A l  is  a l s o  used t o  con ta in  p a r t  of t h e  t e n s i l e  load.  The 
s t a i n l e s s  s t e e l  s t r i p s  a r e  used a s  t h e  primary containment of t h e  
t e n s i l e  fo rces .  During winding, t h e  SST. s t r i p s  a r e  us.ed f o r  pre- 
s t r e s s i n g  t h e  a l l o y  A 1  t o  widen t h e  range t h e  a l l o y  A 1  c a n . b e  
s t r e s s e d .  
RESULTS AND DISCUSSION 
The dimensions and parameters  of t h e  conductor f o r  each f i e l d  reg ion  a r e  
summarized i n  Table I1 f o r  both RSW and EC schemes. It can be seen  t h a t  the  
r a d i a l  e x t e n t s  of each f i e l d  reg ion  a r e  c l o s e ,  w i t h  t h e  RSW design g iv ing  
r i s e  t o  s l i g h t l y  sma l l e r  r a d i a l  ex t en t  a t  low and medium f i e l d .  
Table 11. Summary of Conductor/Module Dimensio 
f o r  each F ie ld  Region i n  t h e  10 T Ve 
F ie ld  Region 
-8 
A 1  r e s i s t i v i t y  10 a-cm 
Jc of NbTi ~ l c m ~  
Pure A 1  a r e a ,  (cm2) 
RSW 
' C E  
Casing th ickness  (cm) CE 
Sidewall  th ickness  (cmj RSW 
Alloy A 1  a r ea  (cm) CE I 
S t a i n l e s s  s t e e l  th ickness  
(cm) CE 
Backwall th ickness  (cm) RSW 
~ r a c t i o n  of f a c e  cool ing  
(2) CE . . 
Conductor he ight  (cm) CE I 
Module he ight  (cm) I 
RSW 
, CE 
Bearing p re s su re  (MPa) 
Number of tu rns lpancake  I 




s and Parameters  
s ion  
The design parameters of the resulting.TF-coils and also some of the 
corresponding parameters adopted in the Cu-stabilized version [ ] are sum- 
marized in Table '111. 
Table 111. Major 10 T TF-Coil Design Parameters 
Peak field, T 
Number of conductor grades 
Currentlturn, A 
Total stainless steel arealcoil, cm 2 
Total stabilizer arealcoil, cm 2 
Alloy A1 arealcoil, cm 2 
Cooling channel area, cm 2 
Total area, cm 2 
(stainless steel + conductor + cooling) 
Centerpost winding outer radius, cm 
Pre-stress in SST, MPa ' 
Conductor width, cm 
Thickness of SST strip per turn, cm 
Turn-to-turn insulation thickness, cm 
Conductor face cooling channel depth, cm 
Interlayer spacerlchannel thickness, cm 




5 .  
1 o4 
1.02 x l o3  
8.16 x l o2  
5.76 X l o2  
4.06 x l o2  














1.52 x io3  
9.13 x l o2  
-- 
3.16 x lo2  













7.68 x lo2  
2.03 x lo3 
-- 
3.63 x lo2  









It can be not iced  from Table I11 ' tha t  i n  both Al - s t ab i l i zed  v e r s i o n s ,  
a l though t h e  t o t a l  s t a b i l i z e r  a r e a s  a r e  much lower (816 cm2 f o r  CE and 
2 3 2 913 cm f o r  RSW) than  t h e  Cu-stabi l ized ve r s ion  (2.03 x 10 cm ), because of 
t h e  s o f t n e s s  of pure A l ,  l a r g e r  amounts of s t a i n l e s s  s t e e l  (1.02 x l o3  cm 2 
3 2 f o r  CE and 1.52 x 10 cm f o r  RSW) must be  used t o  con ta in  t h e  t e n s i l e  f o r c e  
2 compared wi th  t h e  Cu ve r s ion  (7.7 x 1 o2 cm ) . Both A 1  ve r s ions  r e q u i r e  l e s s  
t o t a l  r a d i a l  e x t e n t s  than  the  Cu vers ion .  The RSW ve r s ion  r e q u i r e s  t h e  l e a s t  
r a d i a l  ex t en t  due t o  t h e  u t i l i z a t i o n  of high s t r e n g t h  s t a i n l e s s  s t e e l  a s  t h e  
only reinforcement ma te r i a l .  I n  s h o r t ,  a  10% saving i n  t o t a l  r a d i a l  ex t en t  
can be achieved by u t i l i z i n g  A 1  s t a b i l i z a t i o n  a s  compared wi th  Cu s t a b i l i z a t i o n .  
For 12 T ope ra t ions ,  t h e  TF-coil design w i l l  be s i g n i f i c a n t l y  d i f f e r e n t  
due t o  t h e  neces s i ty  of ope ra t ing  a t  lower temperatures  (2 K ) .  Also, t h e  
magnetic load and bear ing  load on t h e  conductor w i l l  be 40% higher ,  t h e r e f o r e  
more reinforcement  m a t e r i a l  w i l l  be r equ i r ed .  However, i f  only t h e  10 - 12 T 
f i e l d  reg ion  is  cons idered ,  and conductors based on A 1  and Cu s t a b i l i z a t i o n s  
a r e  designed, then a  t o t a l  module he ight  pe r  t u r n  of 2.24 cm r e s u l t e d  from 
Cu s t a b i l i z a t i o n ,  and 2.21 cm and. 2.05 cm r e s u l t e d  from the.RSW and CE ver- 
s i o n s ,  r e s p e c t i v e l y ,  based on A 1  s t a b i l i z a t i o n .  It is  expected t h a t  t h e  com- 
p l e t e  TF-coil based on A 1  s t a b i l i z a t i o n  w i l l  have smal le r  r a d i a l  e x t e n t  than 
t h e  Cu ve r s ion  i f  a  d e t a i l e d  design e f f o r t  is  c a r r i e d  ou t .  
CONCLUSIONS 
I n  summary; t h e  des ign  s tudy of an  Al - s t ab i l i zed  10 T TF-coil f o r  t h e  
3.6 m TNS tokamak r e a c t o r  has been performed. Two d i f  Eerent concepts  f o r  
r e in fo rc ing  t h e  pure A 1  s t a b i l i z e r  have been considered. The des igns  can 
be  d i r e c t l y  compared wi th  t h e  des ign  of t h e  s i m i l a r  c o i l  based on convent iona l  
Cu- s t ab i l i za t i on .  It was discovered t h a t  a l though t h e  pure  A 1  o f f e r s  a much 
lower r e s i s t i v i t y  and b e t t e r  s t a b i l i z a t i o n  performance than  Cu, due t o  i t s  
poor mechanical p r o p e r t i e s  and t h e r e f o r e  r e q u i r i n g  more reinforcement  mate- 
r i a l  i n  t h e  winding, t h e  poss ' ib le  g a i n . i n  sav ings  i n  t h e  winding r a d i a l  e x t e n t  
is  p a r t i a l l y  o f f s e t ,  r e s u l t i n g  i n  a , s l i g h t l y  sma l l e r  n e t  r a d i a l  e x t e n t  f o r  t h e  
A 1  des igns .  Due t o  more e f f i c i e n t  u t i l i z a t i o n  of re inforcement  m a t e r i a l ,  t h e  
r e in fo rced  s idewa l l  concept r e s u l t e d  i n  a sma l l e r  r a d i a l  e x t e n t  compared wi th  
tlie coluplet e enasing concept.  
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